The self-association of aqueous catechin as a function of concentration was monitored through variationsin 1H chemical shifts, proton T1 and T2 data and translational diffusion coefficients obtained with the pulsed-field gradient spin-echo method. The latter approach is very efficient and it is not restricted to aromatic compounds. Equilibrium constants were estimated for various models of self-association and the apparent enthalpy of dissociation was measured with isothermal titration calorimetry. Comparison of the latter parameter with thermodynamic data reported for various types of non-specific interactions suggests that such phenomena could be studied using this approach.
INTRODUCTION
Non-specific interactions play a major role in the aggregation phenomena that govern the physical state of molecular mixtures. This is particularly true of plant extracts where control of colloid formation and/or precipitation is a major industrial concern. Althoughmuch effort has been devoted to devising NMRexperiments for studying specific interactions such as ligand binding, non-specific interactions have received less attention 1,2. The aggregation phenomena of surfactants 3, 4 , nucleotides 5, 6 , caffeine 7, 8 , polyphenol s8-13 and aromatic drug molécules [14] [15] [16] and the non-specific stacking interactions of caffeine with methyl gallate 8 , polyphenols with peptides 10, 13, 17 and aroma substances12 are notable exceptions. The majority of these NMR studies of self-or hetero-association involve aromatic compounds and have relied on chemical shift titration versus concentration to quantify the equilibrium constants 7,12,14-16. However, in several cases no significant chemical shift variations were observed in spite of the detection of line broadening and/or intermolecular NOEs that indicated hetero-association 13, 16, 17 .
For many types of molecules, where non-specific interactions are not expected to produce significant chemical shift changes, monitoring variations in molecular motion (either rotational18 or translational diffusion3-6)wouldseemtobeanattractivealternative.Measurementofself-diffusioncoefficientsisrapid19,20 andpredictionofthevariationsintranslationalmotiononthebasisofhydrodynamictheory21isstraightforward as long as themolecules arewell represented by the Stokes-Einstein-Debye model ('stick regime') 22 . In this work,theself-associationofcatechinwasstudiedtoexplorethefeasibilityofsuchanapproach. Catechin(2,3-trans)andepicatechin(2,3-cis)( Fig. 1) arethebasicmonomericunitsofcondensedtanninswhich are ubiquitous secondary metabolites of higher plants. Tannins are thought to participate in plant defense by rendering the tissues of leaves, bark and fruit unpalatable for herbivores and omnivores. These polyphenols display a strong propensity to form complexes with other biomolecules such as proteins, polysaccharides and alkaloids. This phenomenon is responsible for the astringency (precipitation of salivary proteins) and poor nutritionalquality(irreversiblecomplexationofgutenzymesanddietaryproteins,inhibitionofironabsorption) of polyphenol-rich foods 10 .The dimerization of catechin in silico has afforded both parallel and anti-parallel orientationsofthetargetmolécules23corroboratingthenonspecificnatureofcatechinself-association. A single chemical shift is observed for each spin, indicating that the various species are undergoing fast exchange. As the distances between vertically stacked molecules are in the 3-4 Å range and the ring current magnetic field giving the main contribution to nuclear shielding decreases rapidly with the distance (∼1/r3), it is assumed that the upfield chemical shifts on complexation are due only to the influence of the neighboring molecule (within the limits of this model of molecular association all such contributions are assumed to be equal). The chemical shift of the Cn species and the chemical shift dependence on concentration for the isodesmic model are given by Eqs (5) and (6), respectively 14 :
A very similar expression is obtained for the dependence of δobs on concentration in the case of dimerization 14 :
If it is assumed that each successive stack of the catechin monomer affords the same decrease in Dobs t , ΔDt, the dependence of Dobs t on total concentration will be analogous to that of the chemical shifts for both the isodesmic (Eq 6) and dimerization (Eq 7) models. Table 1 . The H-3, H-4α and H-4β signals display the most significant variations in δobs with increasing concentration. Δδmax and Ka values were calculated by leastsquares minimization of the experimental data (δobs _ δC1 ) with respect to the theoretical values in Eqs (6) and (7) using the simplex method 24 and the modeled data are given in Table 1 yields an average value of 2.084 ± 0.008 ppm in spite of a digital resolution of ±0.001 ppm. Unfortunately, in the present case, it is not feasible to acquire data for a much larger range of concentrations owing to the poor signalto-noise ratio at lower concentrations and precipitation at higher concentrations. Hence it is difficult to improve the convergence of data from chemical shift titrations and the adjustable parameter Δδmax cannot be used to validate the simulations as it is not easily calculated. 
1H NMR chemical shifts of catechin as a function of [C0] are given in

Plots of T1, T2
and Dt as a function of concentration are shown in Fig. 2 . The error bars for T1 and T2 are as large as the variations in the relaxation parameters, suggesting that rotational dynamics are not sufficiently modulated by association phenomena when the target molecules are of similar size. In contrast, more readily detectable variations in Dt indicate that translational diffusion is a better probe of the non-specific interactions of medium-sized molecules. In favorable cases, the experimental precision of Dt measurements is about 1% 19, 20 and standard deviations of 0.05 x 10 _6 cm 2 s _1 have been obtained from the attenuation of anomeric signals of carbohydrates (1 < DP < 10) 25 or from the B-ring signal (isolated singlets) of galloylated tannins. Owing to deuterium exchange with the solvent, the intensity of the catechin H-6 and H-8 singlets
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evolved with time. Therefore, the attenuation of the H-2' signal was used to establish the D obs t values, but its intensitycouldnotbeevaluatedwithprecisionowingtothenearbyH-5'andH-6'multiplets(thehigh-fieldH-3, H-4˛andH-4ˇsignalswereevenlesssuitableowingtophasedistortioninducedbyJ-modulationduringtheecho sequence), with the result that standard deviations for D obs t were almost an order of magnitude larger (±0. predicted on the basis of hydrodynamic theory21 (molecular models of catechin could be assimilated to a cylinder 14 Å in length with a radius of 3.8 Å), indicating that a microviscosity correction factor, f, of 0.45 would be necessary. The simulation protocol afforded ΔDt values of -6.7 x10_6 and -4.4 x10 _6 cm 2 s _1 for the isodesmic and dimerization models of self-association, respectively. As the catechinmonomerdoes not obey the Stokes-Einstein-Debye model, it is not possible to predict this adjustable parameter accurately. However, upper and lower limits for the microviscosity factor are known (0.45 < f < 1.0) and the Dt value for the dimer (1.2 x10_6 cm2 s_1) that can be extrapolated from the ΔDt parameter of the isodesmicmodel is clearly too low (with f = 1.0 this would correspond to a sphere of radius 16.6 Å , where Dt = kT/6_fr0), whereas that of the dimerization model (3.5 x10 _6 cm 2 s _1 ) is reasonable.
A plot of the apparent enthalpy of dilution as a function of catechin concentration is shown in Fig. 3 . Dissociation is endothermic and can be detected even at the lowest concentration (open squares). The apparent molar enthalpy of dilution (6.5 kJ mol_1) includes both dilution and dissociation contributions and has not been treated quantitatively in this study.26 Plots of theoretical monomer and dimer fractional populations (%) for both the isodesmic and dimerization models as a function of total catechin concentration are displayed in Fig. 4 . The Ka value estimated from the translational diffusion profile (8 M_1) was used to establish the fractional [C1] and [C2] populations. For both models of self-association, the predicted dimer population of the 2.3 mM sample is compatible with the reduced (3/410% of that of a 23 mM solution) apparent enthalpy of dilution that is observed experimentally. It appears that dimerization is followed by precipitation without significant accumulation of aggregates higher than dimers. 
In conclusion, it has been demonstrated that selfassociation of catechin can be monitored with translational diffusion measurements based on the pulsed-field gradient spin-echo method. The thermodynamic data for various non-specific interactions involving sugars (carbohydrate-surfactant and carbohydrate-carbohydrate interactions) has been reviewed recently 27 and comparison with results from the present work suggests that these systems should be amenable to study using translational diffusion measurements. In favorable cases (isolated NMR signals), the association constants should be more accurately defined than those obtained from chemical shift titrations and this approach is not limited to aromatic molecules. An added advantage of the Dt approach, in the case of moderately sized molecules (for example, tetrasaccharides 25) , is that Dt can be related to the dimensions of the molecular assembly. As pointed out be a referee, other data treatment such as biexponential fitting 20 associated with the BPPLED pulse sequence28 (here the composite pulses provide selfcompensation of induced eddy currents) might be useful for extracting the diffusion coefficients of the monomers and the dimers.
EXPERIMENTAL Sample preparation
Various amounts of catechin (Sigma) were added to 1.75 mM solutions of acetic acid (SDS, purex 99.8%) in D2O to afford solutions (0.75 ml) containing the total concentrations, [C0] indicated in Table 1 . The NMR tubes were sealed under argon after vacuum removal of dissolved oxygen.
Isothermal titration calorimetry
Calorimetric data were obtained using a VP-ITCmicrocalorimeter (MicroCal, USA). Experiments were performed at 298 K. Solutions were degassed under vacuum just prior to the experiment. Aliquots of 15 µl of catechin solution were automatically injected from a microsyringe at 5 min intervals into the sample cell (1.4192 ml) containing acetic acid solution.Efficientmixing of the solutionwas achievedby a paddle on the end of the syringe rotated at constant speed (310 rpm). The power versus time plot shows a peak as heat is absorbed upon equilibrium displacement by dilution, and then returns to baseline as thermal equilibrium is reached. The area under the peaks gives the amount of heat absorbed. The data were analysed using Microcal Origin software 29,30.
NMR
1H NMR pulsed-gradient spin-echo experiments were conducted on a Bruker Avance 400 spectrometer at 298 K. The stimulated spin-echo sequence31 was used to measure the translational self-diffusion coefficients as described previously. 25 The gradient duration (δ) was varied from1 to 20 ms while keeping its strength fixed at 9.15 G cm _1 . The intergradient delay (Δ) and gradient recovery delay were 5 ms and 50 µs, respectively. The translational self-diffusion coefficients were obtained by fitting the intensities of the H-2' signal in spectra acquired with various lengths of the gradient pulses (8-15 data points) to the StejskalTanner equation with inhouse software :
All experiments were run at least four times. Spin-lattice relaxation times were measured with the inversion-recovery sequence. The recycle time was greater than 6xT1 and data were collected for 10-20 τ values which varied from 5 ms to 2xT1. Spin-spin relaxation times were obtained with the Carr-PurcellMeiboom-Gill sequence and data were collected for roughly 20 spectrawith various numbers of echos (total echo duration, 2nτ, varied from 2 ms to 1 s). The integrals of the peaks were fitted to a three-(T1) or two-(T2) parameter exponential function using spectrometer system software and inhouse software, respectively, and all relaxation experiments were also run at least twice.
